Abstract. Hepatitis C virus (HCV) envelope proteins are essential not only for maintaining the viral life cycle, but also for evading the host's immune response and in clinical intervention. A thorough understanding of HCV envelope proteins depends on the availability of detailed structural information. Two crystal structures of the E2 core portion and of the E2 ectodomain, and one structure of the N-terminus of E1 ectodomain have shed new light on the complexity of HCV envelope proteins. In addition, the full-length E1-E2 complex has recently been modeled. The present review focuses on these advancements, introduces the recently solved structures and their biological implications and proposes novel ideas for studying the full-length E1-E2 complex.
Introduction
Hepatitis C virus (HCV), a member of the Hepacivirus genus within the Flaviviridae family, is an enveloped virus consisting of positive-sense single-stranded RNA with approximately 9,600 nucleotides (1) . HCV is a notable pathogen that primarily infects human liver, leading to chronic liver disease; this may include liver steatosis, fibrosis, cirrhosis and hepatocellular carcinoma (2) . Approximately 3 to 4 million individuals are newly infected with HCV each year, whereas 170 million are chronically infected and the mortality rate from HCV-related causes is 350,000 each year (3) . The early standard therapy (before 2011) was limited to the combination of PEG-interferon and ribavirin, which was not effective in treating HCV genotype 1 (4) , in addition to causing side effects, such as pruritus and thrombocytopenia (5) . When the structures of the viral protease (6) and RNA polymerase (7) were clearly resolved, the development of small molecule drugs against the vital proteins involved in HCV replication was accelerated; several specific antivirals (including direct acting antivirals, telaprevir, boceprevir and sofosbuvir) have now been approved and have significantly improved the antiviral efficacy against HCV, highlighting the critical contribution of resolved viral protein structures to HCV therapy (8) (9) (10) (11) . It is expected that a complete understanding of the structures of E1 and E2 glycoproteins will further contribute to glycoprotein-targeted drug development, in addition to therapeutic and preventive vaccines.
The HCV RNA genome encodes a single polyprotein that is 3,000 amino acids (aa) long. This precursor polyprotein is subsequently processed by cellular and viral proteases into 10 proteins; this includes four structural proteins, E1, E2, p7 and Core, and six nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A and NS5B) (12) (13) (14) (15) .
E1 and E2 (aa192-383 and aa384-746, respectively), which assemble to cover the core of the virus particle, consist of a highly glycosylated N-terminal ectodomain and a short C-terminal transmembrane domain (16) . The N-terminal ectodomain is further divided into two parts: A receptor-binding domain and a C-terminal membrane-proximal stem region. (17) . The short C-terminal transmembrane domain contains retention signals for the endoplasmic reticulum (18) and anchors each glycoprotein in the cytoplasmic membrane (19, 20) . E1 and E2 from the JFH-1 HCV strain isolate contain 8 and 18 cysteine residues in their ectodomains, respectively (21, 22) , which form disulfide bonds that stabilize the large covalent envelope proteins complex on the surface of the virion (23, 24) . However, the complex is initially intracellularly assembled as a noncovalent heterodimer (23, 24) (Fig. 1) .
The individual functions of these glycoproteins have not been fully elucidated; it is understood that E2 consists of conserved sequences for receptors binding and of multiple epitopes for inducing protective immune response (25) (26) (27) . Less is known about the function of E1 due to the challenge in purifying E1 protein in its native form.
HCV entry into cells is associated with several host-generated molecules including low density lipoprotein receptor, glycosaminoglycans, high density lipoprotein receptor scavenger receptor class B type I, tetraspanin CD81, and two tight junction proteins, claudin-1 and occludin (28) . The HCV life cycle is illustrated in Fig. 2 . It remains unclear which cellular proteins mediate the fusion step in the host cell entry process. Knowledge of E1 and E2 structures is required to fully understand membrane fusion.
Significant progress in understanding E1 and E2 structures has recently been made: Two crystal structures of the core portion (E2c) of E2 ectodomain (E2e) and one structure of the N-terminal of E1 ectodomain have been successfully established through single-crystal X-ray diffraction methods (29) (30) (31) . Furthermore, a full-length E1-E2 complex has also been modeled in silico (16) . In the current review, the recent structural progress in E1 and E2 proteins is summarized, and possible explanations for the inconsistent previous findings are proposed.
The unexpected 3D structures of E1 and E2
Unexpected tertiary structures of E2 glycoprotein. Despite previous challenges, the structure of E2c from E2e (Protein Data Bank IDs: 4MWF and 4NX3; rcsb.org/pdb/home/home.do) has recently been solved by two antibody studies, via single-crystal X-ray diffraction (30, 31) (Figs. 3 and 4) . E2 protein was truncated and modified in both studies. In 4MWF (aa412-645) (31), the engineered E2c construct expressing genotype 1a E2 (H77 isolate) not only deleted the two termini and two glycosylation sites (N448 and N576), but also replaced HRV2 (aa460-485) with a Gly-Ser-Ser-Gly linker. In 4NX3 (aa456-656) (30) , the construct that expressed genotype 2a (J6 isolate) deleted 80 residues at the N-terminus, which contains the implicated cellular receptor binding sites and neutralizing epitopes. The antibodies used by two studies were also different. 4MWF employed an antibody specific to antigenic region 3 (AR3) of E2, which blocked CD81 receptor binding (31) . A different antibody (2A12) recognizing a linear epitope at the C-terminus of the ectodomain was utilized in 4NX3, which does not prevent E2 from binding to receptors (30) .
As expected, the two structures demonstrated overall similarity; E2c was a monomer containing a central immunoglobin-like domain, which was formed by β-sheets surrounded by short α-helices dispersed in loops. However, regions within E2 that contained no regular secondary structure were not uncommon, and the majority of the preserved N-linked glycans were in a flexible pattern (30, 31) . The absent glycosylation in 4NX3 accounted for roughly a third of the expressed protein mass (30) .
Like other viruses belonging to the Flaviviridae family, HCV contains class II fusion protein, which exhibits an extended architecture (32) . Unexpectedly, two studies have revealed that the E2c architecture, similarly to E1, was compact (30, 31) . These studies also demonstrated the structural interaction between E2 and CD81, which may facilitate the development of therapeutic and preventive drugs or vaccines by interrupting receptor binding. In 4MWF (31), several key residues for CD81 binding were identified in the C-terminal lobe that is adjacent to the front layer, which has been known to contain key CD81 binding residues. Surprisingly, CD81 bound to the same exposed hydrophobic surface as AR3C and other broad neutralizing antibodies. As the surface of HCV particles is covered with E2 glycoproteins primarily consisting of relatively conserved residues, and is free of N-linked glycans, this represents an ideal choice for immunogen design. However, it may also contain a few non-conserved residues that provide a basis for immune evasion. In the 4NX3 model (30) , the epitope including the N7 site, which binds the AR3C antibody and is competitively inhibitory of CD81 binding, lies at the interface of the basic and hydrophobic planes. Notably, CD81 binding improved following deletion of the N6 site, which is only 7 residues away from N7, and which represents the AR3C binding site; this possibly occurs via increased reliability of CD81 binding.
Unexpected crystallographic structure of the N-terminal of E1 ectodomain (nE1).
Structural scientists face enormous challenges while studying the E1 structure as the traditional methods, including soaking with heavy atoms and SeMet phasing (as E1 contains no methionines), are not suitable for deriving the structure of HCV E1 (33) . There was no significant progress until recently, when an unexpected fold of nE1 (aa1-79) of HCV was successfully revealed by X-ray crystallography (29) (Figs. 1 and 4) . The elucidated structure highlighted three unexpected findings. Firstly, that nE1 was arranged as a covalent homodimer with domains potentially swapped, as it is possible that the β-hairpin may fold back in monomeric E1 to replace the dimer interface. Overall, it consisted of a β-hairpin (residues 1-14) followed by an α-helix (residues 17-32), which was between a two and three-stranded antiparallel β-sheet. The β-hairpin was associated with the domain swap and homodimer formation. Unexpectedly, it showed that E1 was not a fusion protein, which is discussed in detail in a subsequent section.
Secondly, nE1 contained 6 monomers that were stabilized by disulfide bonds. These disulfide bonds are biologically important as the presence of disulfide bonds may improve lateral interactions between E1 and E2 on the surface and facilitate the budding of HCV particles (34) .
In addition, another study indicated that these glycoproteins harbor the reduced cysteines that form couplings following virus-host interactions (35) . In this respect, the covalent nE1 dimer may be relevant to the post-attachment conformation, for example if disulfide bonds are present, but these reduced cysteines have not been identified.
Lastly, the nE1 dimer is homologous to phosphatidylcholine transfer protein (number of matches, 74). Structurally, the steroidogenic acute regulatory protein-related transfer domain of this protein possesses partial similarity to the extended β-sheet of nE1Notably, this transfer domain is responsible for binding sterols and lipid-like hydrophobic molecules, just as N-terminal domain of E1 is hypothesized to be responsible for binding to apolipoproteins.
Putative structure of E1-E2 complex. E1 and E2 form a heterodimer on the surface of the HCV particle and together they facilitate viral entry (19, 36) . Most previous studies that analyzed either the structure of E1 or E2 were required to separate the appropriate glycoprotein from the heterodimer, which may impact the conformation of both glycoproteins (30, 31, (37) (38) (39) . However, the amino acids located between E1 and E2 are partially inserted into the membrane, resulting in great difficulty in acquiring a single full-length crystal of either glycoprotein heterodimer that is free of cellular elements (16) .
In order to attenuate the difficulty in obtaining the full-length envelope protein (E1 plus E2), a 3D structure of E1-E2 complex monomer ([E1.E2]) of HCV genotype 1 has recently been predicted (16) . Dengue virus, another member of the Flaviviridae family, shares many structural similarities with HCV (40) . The model of [E1.E2] monomer was assembled using the solved E2c (4MWF) (31) , loops that were missed in the E2c (generated by MODELLER; salilab.org/modeller) and two fragments of E1 (residues 205-319) and E2 (residues 646-716), and using the dengue crystal structure 1OAN as a template (Fig. 5A) . Most glycosylation sites in E1 and E2 are preserved in this model.
In the model of E1 and E2 monomer, 35% of the residues formed extended/β-strands, while <6% were helical (16) . Although the percentage for extended/β-strand was 1% higher than in the structure predicted by the GOR4 program (41), it was predominantly consistent with the data of the solved structure.
The novel contribution made by this model was that it offers an overview of the appearance of both HCV envelope proteins, and additionally a prediction of several exposed residues and epitopes as priority targets for subsequent study.
Unexpectedly, the present model suggests that E2 is not only a central component in fulfilling a fundamental function in the HCV life cycle, but also helps to maintain correct E1 folding. The model predicts that the N-terminus of E1, with a length of 115 residues, forms a portion of domains I and II.
However, this prediction may not be correct as the homology model of dengue did not resemble the crystallized short peptide of HCV E1 (Fig. 5B) . This inconsistency may be caused by variation in crystallization procedures. A method by which this model could be verified would be to express the overlapping epitopes within the N-terminus of E1, which could then be used to compete for the antibody binding sites with the corresponding epitopes in E1-E2.
Modifications may impact protein structure
A native fold of 4MWF E2c was verified by binding anti-E2 monoclonal antibodies (mAbs) and the CD81 receptor, and by inhibiting HCV cell entry through receptor competition (31) . Several previous studies that discussed the two recently solved structures indicated that regions of the structure were in conflict with previous reports of crystallized fragments, and contradicted each other in many respects (42) (43) (44) . That the two E2c constructs used by Kong et al (31) and Khan et al (30) were expressed in the absence of E1, and had to be modified before crystallization, may be relevant to this. It is known that a small modification may affect the resultant conformation and aggregation, particularly the cysteine binding (16) . Evidence for this concern is apparent. All cysteines form disulfide bonds when E2e was expressed as a soluble, secreted protein (45) . However, the data could not be confirmed with other functional studies that explored E1-E2 assembly, interaction with CD81 receptors and viral infectivity subsequent to replacement of cysteine residues (45) (46) (47) . In addition, Fraser et al (35) expressed E2 on the virion surface and used alkylation experiments to demonstrate that E2 comprised at least one free cysteine, and that this was necessary in E2 rearrangement following attachment. These data imply that the soluble and truncated E2 was not in a native form of folding, and that the resultant cysteine coupling was altered compared with the native folding (48) .
Taken together, the recently solved E2 core structures had limitations and possible biases. Furthermore, a large, highly disordered portion of the structure remains to be elucidated, and nearly half of the glycoprotein is not included in the present structural analysis. Novel techniques are therefore required to refine and extend these structures (42) (43) (44) .
Overall, the obstacles to obtain the correct E2e structure point to the form-dependent flexible cysteine coupling (for instance, soluble or truncated), the variable glycosylation state and the necessary E1 involvement in maintaining the correct conformation of E2e. In fact, the disulfide bonds and glycosylation sites are crucial in maintaining the correct protein folding, but the challenge is to understand how their flexibility results in such a high degree of E2 structural variability (42,49-51); this hampers the homogenous crystal arrangement and influences the reconstruction of the E2e density maps in the measurement of E2 structure by SAXS and cryoelectron microscopy (cryoEM), leading to low-resolution maps (30,31).
Novel techniques for better characterizing E2 tertiary structure under native conditions
Experimental modifications preceding use of X-ray crystallography may impact the native structure of E2 and markedly alter the protein function, leading to artificial structural data (52, 53) . This necessitates developing novel techniques to solve these current problems.
Alanine-scanning. One such novel technique is alanine-scanning. This may be performed on the full-length protein expressed under a near-native environment, and even in the context of whole viral particles, reducing potential biases derived from non-native conformations (42) . The principle of alanine scanning is to generate X (residue in the target protein) to alanine variants, and subsequently compare the reactivity pattern of mAbs recognizing the conformational epitopes of mutants and wild-type protein. Therefore, this method may be used to infer the native structure using the antibody binding profile and may be used to map epitopes, in addition to identifying key residues that trigger changes to correct protein conformation (42) . For example, cysteine or histidine single mutations within E2 may be introduced to study their effects on viral entry and assembly (45, 47, 54) . Furthermore, a recent study using alanine scanning achieved the native E2 structure by expressing full-length E1 and E2 in mammalian cells. This study suggested a novel cysteine coupling between C486-C589 that was not included in the truncated E2c, but was critical for correct E2 folding (42).
Computation modeling. Another possible technique is computation modeling. Over last 10 years, a wide range of computational methods and algorithms have been developed to model the 3D structure of proteins (55) (56) (57) (58) . Among these, a co-evolution-based algorithm, based on the principle of coordinated changes that occur in pairs within organisms or biomolecules, appears to be an alternative approach for deducing the structure of E2, as this glycoprotein varies considerably in sequence and as the majority of sequences are available. Significant advances in disentangling the indirect and direct co-evolution signals have been made, which may be used to more accurately predict the contact regions between protein residues, or to identify residue pairs in close proximity. A de novo remodeling of the entire 3D protein has also been performed, implying that unknown regions of E2e can be rebuilt de novo and in silico (55) (56) (57) (58) . Therefore, in this distance-based algorithm, the structural data from all direct and indirect studies and the predicted unknown regions may be pooled to remodel the structure of the entire E2e. The accuracy of this structural prediction will be structurally assessed by the secondary structures, fitting them into the E2e maps revealed by cryoEM and SAXS and comparing the experimentally determined structures (using nuclear magnetic resonance or X-ray diffraction). It is of note that the prediction will be more valid if mapped to functional and immunogenic regions that may then be validated by mAbs (42, 59) . However, it is also key to recognize that many technical limitations of the structural prediction in silico remain unsolved for further details see (59).
Proposals to ascertain fusion and other steps of viral entry by analyzing the E1-E2 complex
An increase of correct E2 structural data is likely to contribute to a better understanding of protein function. E2 shares similarities to envelope proteins within Flavividae family, and was previously suggested to be a fusion protein (31, 32, 60) . Lavillette et al (60) and Zhu et al (61) proposed that E1 and E2 coordinate in the fusion process, as the two glycoproteins both harbor a putative fusion peptide. This hypothesis was supported by E1-E2 mutagenesis of both proteins together and by functional fusion assays (62) (63) (64) (65) (66) . In the identification of additional E2 protein structures, it appears unlikely that E2 is independently responsible for completion of the fusion step. The E2 tertiary structure from bovine viral diarrhea virus (another member of the Flaviviridae family) does not support a role of this glycoprotein as a fusion peptide (61) . Furthermore, the crystal structure of E2c displayed a unique compact globular structure, which was markedly different from the extended class II fusion protein (16) . However, E1 was previously implicated in HCV receptor attachment and membrane fusion via mutation of cysteine (34). Vieyres et al (44) confirmed E1 as a fusion protein, by integrating previously published data. However, a recent report on E1 N-terminal architecture, suggested that nE1 was not comparable to class II fusion fold (31) . In fact, neither glycoprotein was alleged to resemble any of the three classes of fusion proteins, suggesting that HCV may adopt a novel fusion mechanism that differs from that of other Flaviviridae family members (30, 31, 67) . As the HCV E1-E2 heterodimer is indispensable for viral fusion, expression of E1-E2 as a complex protein may help in the task of displaying the potential fusion domain, in addition to the possible alternate steps of viral entry.
Conclusions
Recently published E1 and E2 structures represent breakthroughs in the structural analysis of E1 and E2 glycoproteins. For the first time, the crystal structures of a large portion of the ectodomain of these glycoproteins were revealed by X-ray diffraction. This novel structural information both helps to better understand the fusion mechanism and the conformational epitopes, and to facilitate novel vaccine design and therapeutic drug development. However, the structures of both proteins have questionable reliability as they were prepared under non-native conditions. To compensate for such deficiencies, the [E1.E2] model was re-established in silico with the help of the currently available structural data of both glycoproteins, and the homology data of dengue viral protein. With increasingly available structural and functional data, it is predicted that a refined 3D model for the entire E1-E2 complex is likely to be generated soon. Such a high quality model may then be used for predicting antigenic epitopes and drug targets.
